Tauopathies, including Alzheimer's disease (AD) and frontotemporal lobar degeneration with tau pathologies, are neurodegenerative diseases characterized by neurofibrillary tangles (NFTs) comprising filamentous tau protein. Although emerging evidence suggests that tau pathology may be transmitted, we demonstrate here that synthetic tau fibrils are sufficient to transmit tau inclusions in a mouse model. Specifically, intracerebral inoculation of young PS19 mice overexpressing mutant human tau (P301S) with synthetic preformed fibrils (pffs) assembled from recombinant full-length tau or truncated tau containing four microtubule binding repeats resulted in rapid induction of NFT-like inclusions that propagated from injected sites to connected brain regions in a time-dependent manner. Interestingly, injection of tau pffs into either hippocampus or striatum together with overlaying cortex gave rise to distinct pattern of spreading. Moreover, unlike tau pathology that spontaneously develops in old PS19 mice, the pff-induced tau inclusions more closely resembled AD NFTs because they were Thioflavin S positive, acetylated, and more resistant to proteinase K digestion. Together, our study demonstrates that synthetic tau pffs alone are capable of inducing authentic NFT-like tau aggregates and initiating spreading of tau pathology in a tauopathy mouse model.
Introduction
Neurodegenerative tauopathies, characterized by abnormal tau accumulations, include some of the most common neurodegenerative diseases, such as Alzheimer's disease (AD), frontotemporal lobar degeneration, progressive supranuclear palsy and corticobasal degeneration (Lee et al., 2001; . Tau is a microtubule-associated protein predominantly expressed in neurons in which it stabilizes microtubules (MTs) and promotes their assembly (Witman et al., 1976; Drechsel et al., 1992) . The MT-binding affinity of tau is regulated by various posttranslational modifications, including phosphorylation (Lee et al., 1991) , acetylation (Min et al., 2010; Irwin et al., 2012) , and glycosylation (for review, see Gong et al., 2005; Martin et al., 2011) . Pathological tau protein is hyperphosphorylated, conformationally altered, and aggregated into insoluble neurofibrillary tangles (NFTs) in perikarya as well as in processes as neuropil threads, which are the signature pathological hallmarks of tauopathies (for review, see . Accumulation of possibly toxic intracellular aggregates accompanied by loss of soluble tau capable of stabilizing MTs may synergistically lead to compromised neuronal survival (for review, see , accounting for strong correlations between NFT burden and cognitive decline in AD patients (Terry et al., 1981; Gó mez-Isla et al., 1997) . Moreover, the discovery of Ͼ30 mutations in the MAPT gene in familial frontotemporal lobar degeneration-Tau (FTLD-Tau) (Hutton et al., 1998; Spillantini et al., 1998) suggests that tau abnormalities alone can cause neurodegeneration.
In AD brains, NFT progressively accumulate in a well-defined stereotypical pattern, with pathology first emerging in entorhinal cortex, followed by hippocampus, and eventually neocortex (Braak and Braak, 1991) . Recent studies in cultured cells demonstrated that exogenously supplied misfolded tau can be taken up into cells and seed the aggregation of endogenous soluble tau (Frost et al., 2009; , and injections of brain lysates from diseased tauopathy transgenic (Tg) mice into other Tg mice that do not develop NFTs induce tau pathology that spreads to distant neurons (Clavaguera et al., 2009) , thereby providing a plausible mechanism for the presumptive spread of NFTs in AD (for review, see Braak and Del Tredici, 2011b) (2012) recently demonstrated that recombinant ␣-synuclein and A␤ fibrils are wholly sufficient to transmit disease, thereby suggesting a common pathogenic mechanism of disease progression for neurodegenerative brain amyloidoses. Although Clavaguera et al. (2009) showed that diseased mouse brain lysates containing pathological tau induce spread of tau pathology in recipient mice and Liu et al. (2012) and de Calignon et al. (2012) demonstrated trans-synaptic spreading of tau pathology in mouse brains, the nature of tau species that drive interneuronal transmission are unknown, and it is unclear whether tau fibrils alone are sufficient to transmit tau pathology. Here we show that injection of preformed fibrils (pffs), assembled from recombinant human tau protein into the brains of young human mutant tau Tg mice (PS19) before the known onset of tauopathy, induced widespread transmission of AD-like tau pathology.
Materials and Methods
Tau Tg mice. PS19 tau Tg mice were generated using a cDNA encoding the human 1N4R tau isoform with the P301S tau gene (MAPT) mutation that is pathogenic for familial FTLD-Tau driven by the murine prion protein promoter (Yoshiyama et al., 2007) . The strain was maintained on a B6C3 background.
Generation of tau pffs from recombinant tau. We cloned cDNAs encoding the longest human isoform of tau (2N4R) with a myc tag at the 3Ј end with the P301S MAPT mutation (T40/PS) in addition to a truncated form of human tau (K18/PL) containing only the four MT-binding repeats with a myc tag at the 5Ј end and the P301L MAPT mutation into NdeI/EcoRI sites of pRK172 bacterial expression vectors. Purified tau was induced to fibrillize in the presence of heparin, and successful fibrillization was confirmed using a Thioflavin (Th) T fluorescence assay and electron microscopy as described previously . Aliquots of tau pffs were stored at Ϫ80°C until use when they were sonicated with 40 brief pulses before injection into the brains of PS19 mice. Truncated ␣-synuclein fibrils (1-120) were made as described previously (Luk et al., 2012) and used as a control.
Stereotaxic surgery. All experiments were performed in accordance with protocols approved by the Institutional Animal Care and Use Committee of the University of Pennsylvania.
After deeply anesthetizing 2-to 3-month-old PS19 mice of either sex with a ketamine/xylazine mixture, they were immobilized in a stereotaxic frame (David Kopf Instruments), and stereotaxic injections were made using predetermined coordinates (see Figs. 1A, 3A) with a Hamilton syringe under aseptic conditions. All injected animals were observed during and after surgery, and an analgesic was administered after surgery. The 2-to 3-month-old PS19 mice were separately injected into hippocampus (bregma, Ϫ2.5 mm; lateral, ϩ2 mm; and depth, Ϫ1.8 mm) or striatum (bregma, ϩ0.2 mm; lateral, ϩ2 mm; and depth, Ϫ2.6 mm) and overlaying cortex (bregma, ϩ0.2 mm; lateral, ϩ2 mm; and depth, Ϫ0.8 mm) with the following: (1) T40/PS recombinant tau pffs (2 g/l); (2) K18/PL recombinant tau pffs (2 g/l); (3) PBS vehicle in a final volume of 2.5 l; or (4) human ␣-synuclein (1-120) pffs (2 g/l). The total volume injected per site was 2.5 l for all mice. The number of mice used for each experimental condition is summarized in Table 1 .
Histology and immunohistochemistry. At predetermined postinjection time intervals, all injected mice were deeply anesthetized, transcardially perfused with 30 ml of PBS, followed by 10% neutral buffered Formalin (NBF), after which the brains and spinal cords were removed, postfixed overnight by immersion in NBF, and then thoroughly rinsed in PBS, followed by embedding in paraffin blocks from which 6-m-thick sections were cut through the entire CNS (brain, brainstem, spinal cord) for conventional histochemical staining and immunohistochemistry (IHC). CNS sections were stained using a polymer horseradish peroxidase detection system (Biogenex) and counterstained with hematoxylin. For detection of tau pathology, we immunostained every 20 slides with the monoclonal antibodies (mAbs) AT8 (specific for tau phosphorylated at Ser202/Thr205, 1:10,000; Innogenetics) and MC1 (specific for a pathological conformation of tau, 1:2000; a generous gift from Peter Davies, Feinstein Institute for Medical Research, Manhasset, NY) for all mice used in this study. Other antibodies used are as follows: mAb T49 (specific for mouse tau, 1:1000; Yoshiyama et al., 2007) , affinity-purified acetylated Lys280 (ac-K280) (specific for acetylated tau, 1:2000 with citrate buffer treatment; , mAb TG3 (specific for a conformation-dependent phosphorylated tau epitope, 1:250; a generous gift from Peter Davies), polyclonal antibody 17025 (specific for total tau, 1:1000; Yoshiyama et al., 2007) , and NeuN (specific for neurons, 1:500; Millipore). Sections were also stained with ThS to detect tau tangles that exhibited histological properties of amyloid and by hematoxylin and eosin to visualize CNS architecture. Because the relative resistance of inclusions to proteinase K (PK) digestion is another known feature of amyloids, we assessed tau pathology for this property by treating selected deparaffinized sections with 10 g/ml PK for 1 min, followed by IHC.
For quantitative analysis of MC1-positive neurons within and around the locus ceruleus (LC), we selected slides from Ϫ5.0 to Ϫ6.0 mm bregma at ϳ30 m intervals to stain with MC1 (1:2000) and counted MC1-positive neurons. To detect noradrenergic LC neurons, we stained slides with anti-tyrosine hydroxylase (TH) antibody. Quantification of neurons with tau tangles was expressed as MC1-positive neurons as a percentage of total number of TH-positive LC neurons.
The area occupied by MC1-positive neurons in each mouse at the injection sites in the hippocampus and in the contralateral hippocampus was assessed using 4ϫ images, and caudal regions of the lateral entorhinal cortex of both hemispheres (approximately Ϫ4 mm bregma) were assessed using 20ϫ images without counterstain. Quantification was performed by NIH ImageJ software (Carroll et al., 2011; . NeuN-positive cell counts in the medial CA3 region of each mouse and the area occupied by MC1-positive neurons with and without PK treatment in lateral CA3 and LC were quantified using 20ϫ images without counterstain by NIH ImageJ as well (Paxinos and Franklin, 2003) , and used a previously published grading system adapted from the Braak staging system for AD to score the extent of tau pathology in pff-injected PS19 mice (Hurtado et al., 2010; . After grading individual brain regions in each mouse, we imported averaged values of these scored into CNS heat maps using custom-designed heat-map software to create pathology distribution maps for the telencephalon and brainstem. Western blot analyses. PBS-perfused unfixed brains were used for biochemical analysis by dissecting the hippocampi and neocortices separately. Before analysis, the brain samples were sonicated in 4 vol/g RIPA buffer (50 mM Tris, 150 nM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% NP-40, 5 mM EDTA, 1 mM PMSF, 0.1% protease inhibitor mixture, and 0.5% phosphatase inhibitor, pH 8.0) and centrifuged at 100,000 ϫ g for 30 min at 4°C. The supernatants were saved as RIPA-soluble fractions, whereas the RIPA-insoluble pellets were washed with 1 M sucrose in RIPA buffer to remove myelin and associated lipids and centrifuged at 100,000 ϫ g for 30 min at 4°C. The RIPA-insoluble pellets were then extracted in 1 vol/g tissue with 2% SDS buffer (50 mM Tris-HCl, pH 7.6). Soluble and insoluble fractions were analyzed by SDS-PAGE, followed by Western blotting using anti-tau antibody, paired helical filament 1 (PHF1) to detect tau phosphorylated at Ser396/404. We loaded 10 g of total proteins for RIPA fractions and 100 and 20 g of total proteins for SDS fractions from cortical and hippocampal extractions, respectively.
Statistical analyses. Quantification results were analyzed using one-way ANOVA, followed by Tukey's post hoc test or Student's t test in GraphPad Prism 4.0 software (GraphPad Software). Data were expressed as mean Ϯ SEM, and differences with p Ͻ 0.05 were considered significant.
Results

Induction and spreading of tau pathologies after brain injections of synthetic tau pffs
To test whether synthetic tau pffs assembled from recombinant full-length human tau with the P301S mutation (T40/PS pffs) can induce tau pathology in young PS19 mice (2-3 month old), we performed unilateral injection of T40/PS pffs into the hippocampus ( Fig. 1A ) and examined brain tau pathology at 1, 3, and 6 months after injection. Because the PS19 Tg mice normally do not develop tau pathology until 8 -9 months of age, PBS injected age-matched control PS19 mice (Fig. 1B) failed to show any pathology at 3 months after injection (n ϭ 3) when stained by MC1, as was the case for mice injected with synthetic truncated human ␣-synuclein (1-120) fibrils (n ϭ 4) (Fig. 1C) , suggesting that tissue damage from injections of PBS or inoculation with unrelated pffs do not nonspecifically induce tau pathology. However, 1 month after tau pff injection, numerous neurons near the injection site, including CA1 and CA3 in the ipsilateral hippocampus, showed prominent tau inclusions in perikarya and neurites that were intensely labeled by MC1 (Fig. 1D) . Moreover, tau pathology spread to parts of hippocampus rostral (data not shown) as well as caudal to the injection site and also to the caudal ipsilateral entorhinal cortex (Fig. 1D , Caudal Ent Ctx). Interestingly, pathological tau accumulations were found in the contralateral hippocampus as well, but mainly in the CA3 region. Because the uninjected PS19, PBS-injected PS19, and ␣-synuclein pff-injected PS19 mice never show detectable tau accumulations at this age ( Fig. 1 B, C) and because all the observed tau pathologies were seen exclusively in mice injected with tau pffs, this is consistent with the view that injected tau pffs act as "seeds" to recruit endogenous overexpressed tau to form intracellular tau aggregates.
The extent of tau pathology in the ipsilateral hippocampus rapidly plateaued such that no obvious increase in the pathology was observed at 3-6 months after T40/PS pff injection compared with 1 month after injection. However, tau pathology continued to spread and increase over time in the contralateral hippocampus and caudal entorhinal cortex (Fig. 1D) , as well as other CNS regions. We also performed hippocampal injections using K18/PL pffs containing only the MT-binding repeats with the P301L mutation (Guo and Lee, 2011) and found a similar pattern of spreading of tau pathology, indicating that this fragment of tau is sufficient to recruit and convert tau into aggregates and drive transmission of tau pathology (Fig. 1E) .
Dose-and time-dependent transmission of tau pff induced tauopathy
To determine whether lower doses of tau pffs are capable of inducing tau pathology, we compared injections of 0.05, 0.5, or 5 g of K18/PL or T40/PS pffs into hippocampus and found that even the lowest dose of pffs (0.05 g) induced tau pathology recognized by MC1 in a few dentate granule neurons close to the injection site as early as 2 weeks after injection ( Fig. 2A) . A doseresponse relationship was observed at 2 weeks and 1 month after injection because a dose of 0.5 g induced a larger number of MC1-positive neurons, which increased further with the highest dose injected (5 g). Concomitant with this dose-dependent increase in the number of MC1-positive neuronal perikarya, we observed extensive MC1-positive neuritic tau pathology with the highest dose of pffs at 2 weeks and 1 month after injection. Remarkably, distinct MC1 immunoreactivity was seen immediately around injection sites at 2 weeks after injection of 0.5 or 5 g pffs, and this became more abundant at 2 weeks to 1 month after injection. A similar pattern was observed with AT8 staining ( Fig.  2A, right) . These results suggest that tau pffs can rapidly convert endogenous tau into hyperphosphorylated pathological conformers, and the effects are dose and time dependent.
Quantitative analysis revealed that percentage of area occupied by MC1-positive inclusions significantly increased over time in both injected and contralateral hippocampus until 3 months after injection, followed by a reduction at 6 months ( Fig. 2 B, C) . In contrast, pathology in the ipsilateral caudal entorhinal cortex remained unchanged from 3 to 6 months ( Fig. 2D) , whereas pathology in the contralateral entorhinal cortex continued to increase after 3 months (Fig. 2E) . To investigate whether a decrease of MC1-positive neurons in hippocampus at 6 months after injection was associated with neuronal loss, we quantified number of neurons in the medial CA3 regions of each mouse using NeuN antibody, but found no significant change in neuron numbers over the entire postinjection period (Fig. 2F ) .
Region-specific spreading of pff-induced pathologies
To assess the extent of tau pathology spread after injections of tau pffs into other brain regions, we examined the brains of animals 1, 3, and 9 months after K18/PL pff injection into striatum and overlaying neocortex (Fig. 3A) and observed strong MC1 immunoreactivity within 1 month of injection, as well as at 3 and 9 months after injection (Fig. 3B) . Notably, pathological tau was transmitted to many brain regions that were distinct from those affected by hippocampal injection (Fig. 3B) , including the substantia nigra and thalamus, which are interconnected with the striatum (Fig. 3B) . At 9 months after pff injection, we also detected remarkable MC1 immunoreactivity along white matter tracts in corpus callosum. Thus, injection of tau pffs into different brain regions resulted in widespread transmission of tau pathology to diverse brain regions that are anatomically interconnected with the injection sites. Interestingly, although significant numbers of tangle-like accumulations were detected in the overlaying neocortex, almost no tau pathology was detected in striatum (Fig. 3B) . Similar to hippocampal injections, dose-and showing, from left to right, the ipsilateral hemisphereofCA1andlateralCA3,aswellasthecaudalpartofentorhinalcortex(CaudalEntCxt)andthecontralateralCA3,fromPS19miceinjectedwithT40/PSfibrilssurvivedfor1month(nϭ3),3months (n ϭ 3), and 6 months (n ϭ 2) after injections. E, Same as D except that K18/PL pffs were inoculated into the hippocampus of PS19 mice. n ϭ 5 for each survival period. Scale bar, 100 m.
time-dependent effects of K18/PL pffs were seen after injection into striatum and overlaying neocortex, although the highest dose of 5 g resulted in pathology that quickly plateaued at 1 week after injection (Fig. 3C) .
Intriguingly, survey of the entire brain for tau pathology in pff-injected PS19 mice revealed that LC neurons consistently displayed significant tau pathology, especially on the ipsilateral side within a short period of time after injection, independent of injection sites (i.e., hippocampus or striatum/neocortex) and type of tau pffs injected (i.e., full-length T40/PS or truncated K18/PL pffs) (Fig. 4 A, B) , which is consistent with the widespread projections of LC neurons. As shown by lower-power microscopic images, MC1-positive neurons were found exclusively in LC among all pontine structures (Fig. 4 A, B, first column) . Double labeling Figure 2 . Effects of tau pff injections into hippocampus are dose and time dependent. A, Different amounts of K18/PL pffs (0.05, 0.5, and 5 g) (top) or T40/PS pffs (0.05, 0.5, and 5 g) (bottom) were injected into hippocampus, and mice were killed at 1, 2, and 4 weeks after injection. Each panel shows medial part of CA3 and dentate gyrus. Brain sections were stained with MC1 (left) and AT8 (right). Scale bar, 100 m. B-E, Quantitative analyses of MC1-positive neurons in ipsilateral hippocampus (B), contralateral hippocampus (C), ipsilateral entorhinal cortex (D), and contralateral entorhinal cortex (E). Animals used for quantitative analyses were combined from both T40/PS and K18/PL injections. n ϭ 5 for 1 week, n ϭ 4 for 2 weeks, n ϭ 8 for 1 month, n ϭ 8 for 3 months, and n ϭ 7 for 6 months. Significant differences between pairwise comparisons were marked with stars. *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001. F, Quantitative analysis of NeuN-positive neurons at different time points after injection. There is no significant difference between any postinjection periods. The number of animals used for this analysis was the same as B-E. Ent Cortex, Entorhinal cortex.
using MC1 and an anti-TH antibody confirmed the presence of pathological tau in a subset of TH-expressing LC neurons (Fig.  4C ). Quantitative analysis of MC1-positive neurons along the rostral-caudal axis of LC revealed a time-dependent increase of pathology with the different injection paradigms, which reached maximum when ϳ8 -10% of TH-positive neurons developed tangle-like inclusions (Fig. 4D) .
To compare the transmission patterns of tau pathologies induced by pff injections into hippocampus versus striatum and overlaying neocortex, we conducted a CNS-wide survey to assess the regional abundance and distribution of tau inclusions at different times after injection and summarized semiquantitative analysis in the form of heat maps as shown in Figures 5 and 6. As expected, hippocampal injection resulted in bilateral distribution of tau pathology spreading throughout the hippocampus and interconnected regions, including the caudal entorhinal cortex, amygdala, piriform cortices, and LC in a time-dependent manner (Fig. 5) . Similarly, pff injections into striatum and overlaying neocortex also led to the transmission of tau inclusions to regions interconnected with these injection sites, including thalamus, substantia nigra, dorsal raphe nuclei (probably because of the striatal injection), layer IV of neocortex, and LC (probably because of the neocortical injection) (Fig. 6) . Injection of K18/PL pffs into striatum and overlaying cortex induces tauopathy. A, Schematic illustrations of injection sites with coronal and sagittal planes. Red line indicates injection path, and red dot indicates injection site. B, Microscopic images of ipsilateral cortex, thalamus, substantia nigra, corpus callosum, and ipsilateral striatum (from left to right) from PS19 mice immunostained with MC1 after injection with K18/PL pffs and survived for 1 (n ϭ 3), 3 (n ϭ 6), and 9 (n ϭ 3) months. C, Different amounts of K18/PL pffs (0.05, 0.5, and 5 g) were injected into striatum and overlaying cortex, and mice were killed at 1 week, 2 weeks, and 1 month after injection. Each panel shows injected cortex. Two mice were used for each concentration of tau pffs injection and each survival period. Brain sections were stained with MC1. Scale bars, 100 m.
Synthetic tau pffs induce tau pathologies that closely resemble AD NFTs
To further characterize the nature of pff-induced tau pathologies, we performed IHC using a panel of different anti-tau antibodies in injected PS19 mice survived for different lengths of time. We also compared pff-induced tangle-like inclusions in injected mice with 14-month-old symptomatic uninjected PS19 mice that have abundant tau pathology at this age. These studies showed the following.
(1) Using a mouse-specific tau MAb (T49), we found that endogenous mouse tau also became aggregated as early as 2 weeks after injection, whereas uninjected animals even at 14 month of age showed hardly any mouse tau pathology (Fig. 7A ). Double staining with T49 and 17025 (total tau polyclonal antibody) confirmed that endogenous mouse tau was indeed recruited into pathological tau inclusion (Fig. 7B) .
(2) The pff-induced tau lesions were not only detected by mAbs AT8 and MC1 (Fig. 1D,E) but also MAb TG3 (specific for phosphorylation at Thr231/Ser235 and conformation dependent), whereas TG3 detected little to no pathology in aged uninjected mice (Fig. 7A ) that did manifest tau pathology detected by other tau antibodies. (3) Using a polyclonal antibody specific for ac-K280 tau, we found that pff-induced tau tangles were acetylated similar to human AD and other tauopathy brains Irwin et al., 2012) , whereas acetylated tau is hardly detected in uninjected aged symptomatic PS19 mice. Double staining using MC1 and ac-K280 demonstrated that most pathological inclusions contain acetylated tau (Fig. 7B) .
(4) Finally, pff-induced tau inclusions became ThS positive starting 2 weeks after injection and the intensity and abundance of ThS staining increased over time, whereas tau pathologies in uninjected PS19 mice never showed appreciable ThS staining.
Because immunostaining by TG3 and ac-K280 and ThS positivity in AD and other human tauopathies are signatures of more mature NFTs, tau pff-induced tau tangles more closely resemble authentic AD-like human NFTs. Moreover, mature NFTs (i.e., those showing anti-ac-K280 immunostaining and ThS positivity) are present in all the different affected brain regions, including medial CA3, caudal cortex, and LC of pff-injected (Fig. 8A) but not uninjected aged PS19 mice (Fig. 8B ) and double labeling with MC1 and ThS revealed that most pff-induced tau inclusions show properties of amyloid as indicated by ThS positivity beginning at ϳ1 month after injection (Fig. 8C) . (bregma, Ϫ0.98, Ϫ1.22, Ϫ2.18, Ϫ2.92, Ϫ4.48 , and Ϫ5.52 mm) at 1 month (n ϭ 8), 3 months (n ϭ 8), or 6 months (n ϭ 7) after tau pff injection into hippocampus. Left column shows sagittal view of the selected coronal planes used to generate the heat maps. Blue star indicates injection site.
To further distinguish tau pathologies developed in pffinjected mice versus those in older uninjected PS19 Tg mice, we treated brain slides with PK before immunostaining with MC1. Although PK treatment reduced MC1 immunoreactivity in both groups of mice, pathology in pff-injected mice was significantly more resistant to PK treatment than that in uninjected aged PS19 Tg mice, suggesting that pff-templated tau tangles contain more ␤-pleated sheet amyloid structures (Fig. 9 A, B) . Finally, immunoblot analysis confirmed that, at 3 months after injection into hippocampus, lysates from both cortex and hippocampus of the 6-month-old pff-injected mice contained significantly more insoluble hyperphosphorylated tau when compared with agematched uninjected PS19 mice (Fig. 9C ).
Discussion
Our study demonstrated that intracerebral injection of synthetic tau pffs into the brains of young PS19 mice induced rapid formation of NFT-like tau inclusions at injection sites that was followed by a time-and dose-dependent transmission of tau pathology to more distant synaptically connected brain areas. The induction and transmission of tau pathology did not occur in age-matched control PS19 mice injected with PBS or ␣-synuclein pffs in the Figure 6 . Heat maps of tau pathology in coronal sections stained with MC1 for striatum and overlaying cortex injection. Semiquantitative analyses of tau pathology graded using MC1 antibody. Each panel represents heat-map pathology distribution on one of the six different coronal planes (bregma, 1.98, 0.38, Ϫ2.18, Ϫ2.92, Ϫ4.48, and Ϫ5.52 mm) after 1 month (n ϭ 6), 3 months (n ϭ 9), and 9 months (n ϭ 5) injection into striatum and overlaying cortex. Left column shows sagittal view of the selected coronal planes. Blue stars indicate injection sites. same brain regions, eliminating nonspecific effects of injection itself or nonspecific responses to inundation with aggregated proteins. Significantly, synthetic pffs assembled from both fulllength and truncated recombinant human tau proteins transmitted tau pathology, thereby supporting the notion that synthetic tau fibrils alone are sufficient to induce endogenous tau to acquire NFT-like misfolding near inoculation sites and propagate to widespread interconnected brain regions via neural networks.
Previous in vitro studies established that synthetic tau pffs are capable of templating the conversion of soluble tau into fibrillar aggregates in cultured cells (Frost et al., 2009; Kfoury et al., 2012) . Furthermore, one in vivo study showed that inoculation of brain lysates containing abundant pathological tau from diseased mutant tau-expressing mice can induce tau pathology in wild-type tau-expressing mice that otherwise do not form tau inclusions (Clavaguera et al., 2009) . Although this study also showed that immunodepletion of tau from these lysates eliminated their ability to induce tau pathology, the identity and nature of the transmissible tau species in the injected brain lysates were not resolved, nor could it be determined whether other non-tau components in the lysates had contributed to the transmission of tau pathology. More recently, Lasagna-Reeves et al. . Properties of tau tangles in tau pff-injected versus uninjected aged PS19 mice. A, Brain sections were immunostained with mAbs AT8 to detect hyperphosphorylated tau, T49 to detect mouse tau, TG3 to detect specific conformation and phosphorylation changes, anti-ac-K280 rabbit antibody to detect acetylation at K280, and ThS histochemistry to detect mature NFT-like structures after the injection of K18/PL pffs into hippocampus at 1 week, 2 weeks, 1 month, and 3 months after injection. Comparison was made with a 14-month-old uninjected PS19 mouse. Scale bars, 100 m. B, Double immunofluorescence with T49 (green) and 17025 (red) (top) or MC1 (green) and K280 (red) (bottom). Scale bars, 50 m.
(2012) demonstrated propagation of tau pathology in wild-type mice after injection of tau oligomers isolated from AD brain, but the purity of tau species immunoprecipitated from brain homogenates is questionable. Hence, through the use of synthetic fibrils made from pure recombinant protein, our study provides the first direct and compelling evidence that fibrillar species of tau alone are entirely sufficient to recruit and convert endogenous soluble tau into pathological aggregates in neurons or neuronal processes, followed by transmission of tau pathology to other brain regions from a single injection site in vivo.
The route of spreading seems to coincide with synaptic connections between the injection site and affected brain regions, accounting for different patterns of tau pathology transmission that resulted from pff injections into hippocampus or striatum/overlaying neocortex. Moreover, injection into hippocampus or striatum/overlaying cortex consistently induced tau pathology in the LC, a brain structure far away from injection sites. LC, the noradrenergic nucleus in the brainstem, innervates nearly the entire brain except the basal ganglia (Foote et al., 1983; for review, see Berridge and Waterhouse, 2003) . With its widespread efferent projections, the LC-norepinephrine (LC-NE) system is involved in the regulation of not only arousal state but also various cortical functions (for review, see AstonJones and Cohen, 2005) . Although aged PS19 mice develop tau pathology in the LC, it occurred only when animals show widespread tau aggregates, neuron loss, and motoric phenotypes (Yoshiyama et al., 2007; our unpublished data) . In contrast, pff-injected PS19 mice displayed LC pathology within a short postinjection period (1-2 weeks), regardless of whether inoculation occurred in hippocampus or cortex. Because LC receives afferent input from highly limited brain regions, namely the paragigantocellularis and the nucleus prepositus hypoglossus (Aston-Jones et al., 1986) , LC tau inclusions observed here most likely reflect retrograde transmission from these injection sites that receive synaptic inputs from LC.
In stark contrast to LC, direct pff injection into the striatum failed to develop tau pathology at the injection site even 3 months after injection, demonstrating differential vulnerability of distinct brain areas to tau aggregation. The LC-NE system has been implicated in neurodegenerative diseases, including AD and Parkinson's disease (Chan-Palay, 1991; German et al., 1992; for review, see Marien et al., 2004) . Recent studies even suggest that earliest AD NFTs may actually initiate in a subset of subcortical nuclei, including LC (Braak and Del Tredici, 2011a, 2011b) . This is consistent with the selective vulnerability of LC in developing tau pathology in our study. Together with its widespread synaptic projections, LC may play critical roles in the progression of tau pathology in AD. Addi- tional studies are required to elucidate the relationship between LC-NE system dysfunction and etiology of tauopathy.
The PS19 mice used in this study were first reported in 2007, but over time we observed attenuated formation of tau pathology (Yoshiyama et al., 2007) . For example, although hyperphosphorylated tau inclusions were prominent at 6 month of age in our previous study, similar pathology only emerges after the mice are Ͼ12 month of age. Also, significant neuronal death that initially began in ϳ9-month-old PS19 mice now occurs after 12 months of age . Thus, we injected tau pffs into 2-to 3-month-old PS19 mice to ensure that endogenous tau pathology would not be present, and this was confirmed in our PBS-injected age-matched and uninjected control PS19 mice even at the latest time point of the study (i.e., 6 months after injection). Hence, we Figure 9 . Comparison of the effects of PK treatment on pff-injected and uninjected aged PS19 mice. A, MC1 stained hippocampus (lateral CA3) and LC of K18/PL pff-injected mouse (top panels) and uninjected aged PS19 mouse (bottom panels) with no treatment or with 10 g/ml PK treatment. Scale bar, 100 m. B, Quantitative analyses of MC1-positive neurons in CA3 and LC. Data represents MC1 immunoreactivity normalized to no PK treatment conditions for both injected (n ϭ 5) and uninjected aged (n ϭ 4) PS19 mice. White bars represent no treatment, and black bars represent PK treatment. **p Ͻ 0.01, ***p Ͻ 0.001. C, Immunoblot analysis of cortex and hippocampus extracted sequentially with RIPA buffer, followed by 2% SDS. On each blot, the leftmost lane is uninjected age-matched control, and the other two lanes are two different injected mice (Injected) at 3 months after injection. mAb PHF1 detects hyperphosphorylated tau, and GAPDH was used as a loading control.
can confidently attribute the formation and spread of tau pathology in the pff-injected mice to the recruitment of endogenous tau by injected tau pffs.
Interestingly, although the onset and severity of tau pathology in our current PS19 mice is highly variable, injection of tau pffs resulted in a more uniform onset and distribution of tau pathology. Importantly, we observed that tau aggregates developed after pff injection are qualitatively different from that in aged PS19 mice because endogenous mouse tau is readily recruited into tau aggregates in pff-injected mice but not uninjected aged PS19 mice. Also, pff-seeded tau inclusions share key features with mature NFTs in AD brains in that they are intensely immunostained by TG3, a conformation-specific phospho-tau mAb, by our antiac-K280 tau antibody and display strong ThS binding, properties that are not shared by tau inclusions in uninjected aged PS19 mice. Finally, pff-seeded NFT-like structures are more resistant to PK digestion than non-seeded tau aggregates. Together, our data support that the pathogenesis of pff-seeded tau tangles is mechanistically different from tau accumulations formed after prolonged overexpression of human mutant tau. Thus, we speculate that this tau pff-injection model may represent a more disease-relevant approach for studying tau aggregation than the traditional tau Tg mouse overexpression models. Luk et al. (2012) recently demonstrated that synthetic ␣-synuclein fibrils alone can initiate transmission of PD-like ␣-synuclein pathologies similar to tau fibrils described here when injected into mutant ␣-synuclein Tg mice (M83), implicating shared pathogenic mechanisms underlying neurodegenerative diseases with proteinaceous intraneuronal inclusions. However, several differences emerge from the findings of the two studies. First, despite identical inoculation procedures, injection of ␣-synuclein pffs into striatum and overlaying cortex of M83 mice led to much more widespread ␣-synuclein pathology throughout the brain, including hypothalamus, brainstem, spinal cord, and white matter tracts, than the spread of tau inclusions in PS19 mice that propagated to more restricted and specific brain regions. Second, ␣-synuclein pff-injected M83 mice rapidly succumbed to neurological conditions and eventually death, whereas tau pff injection did not appear to compromise the lifespan of PS19 animals at the ages examined here. This difference is probably attributable to the development of profuse ␣-synuclein inclusions in brainstem and spinal cord in M83 mice but the lack of tau pathology in these areas in PS19 mice. These two closely related studies therefore point to intriguing differences in the spreading pattern of pathological tau and ␣-synuclein. We postulate that the more aggressive progression of ␣-synuclein pathology could be partly attributable to higher propensity of ␣-synuclein to aggregate than tau. In vitro studies have shown that recombinant ␣-synuclein can readily fibrillize on its own, but the fibrillization of recombinant tau usually requires anionic cofactors (Goedert et al., 1996; Chirita et al., 2003; Necula et al., 2003) . It is thus conceivable that a very small amount of misfolded seeds transmitted to downstream neurons may be sufficient to template soluble ␣-synuclein aggregation, but this does not occur as readily with tau. Furthermore, pathological ␣-synuclein could spread more readily than pathological tau because of the high concentration of ␣-synuclein at presynaptic terminals, potentially critical sites for interneuronal transmission.
The evidence presented here, that synthetic tau pffs are wholly sufficient to induce and propagate AD-like tau pathology from an inoculation site to widespread interconnected brain regions via neural networks, and in recent studies, that synthetic ␣-synuclein fibrils as well as A␤ fibrils also can initiate transmission of pathologies (Luk et al., 2012; Stöhr et al., 2012) , support the transmissibility of fibrillar species of misfolded proteins. Together, transmission of disease proteins may represent a shared pathogenic mechanism of disease progression underlying multiple neurodegenerative disorders characterized by accumulations of proteinaceous inclusions as initially reported for kuru and other prion diseases.
